Introduction
The decreasing cost of integrated systems, which include digital, analog, RF and MEMS, is driving their incorporation into a variety of applications. The cost of testing these systems after manufacture needs to be very low, especially for consumer products. Testing techniques for the digital modules are supported by the use of tried-and-true fault models, design-for-test circuitry and test generation algorithms. On the other hand, testing the analog, RF and micromechanical modules is more difficult, because of the continuous nature of the signals and the need to guarantee a set of specifications for the customer.
There has been a lot of work in testing analog and RF subsystems. Conventional procedures involve tests to ensure that the subsystems meet specifications, such as signalto-noise ratio (SNR), integral non-linearity (INL) for converters, or noise figure for RF systems. There has also been research into developing fault models for analog modules and test generation based on the models [?] . Since the correctness of analog and RF systems is defined by their adherence to a set of specifications, a fault or defect-based test is not directly applicable to them. Components in these systems may have values which are very different from the designed values, but the system may still be within specifications. This is particularly true for negative feedback systems, where the high gain of the opamps will counteract many problems with component values.
The cost of testing for a large number of specifications can be very high. Alternate Testing is an approach for analog Integrated Circuit (IC) testing that involves formulation of a test plan to combine statistical correlation with conventional testing methods [?] . In alternate testing, the performance characteristics of the Device Under Test (DUT) are predicted from the outputs under a particular set of stimuli. The input stimulus is a subset of the entire possible set of inputs and is used only to measure certain system parameters from which the other parameters are predicted by calculation or extrapolation [?, ?] . Reduction in test time and complexity is the primary goal of alternate testing and it may offer a significant cost reduction over conventional analog testing for each specification separately.
Although many papers have been written on the use of alternate test for analog and RF systems, there has been no work in using this technique to test the MEMS mechanical subsystem. This paper describes a modified version of alternate test for testing an accelerometer IC. We use the conventional alternate testing methodology to obtain an electrical test solution and combine it with a novel mechanical test method. The aim of this test process is to eliminate mechanical testing which is currently essential, in order to significantly reduce test time and hence test costs. 
Structural Details and Accelerometer Functionality
The functionality of the MEM accelerometer can be explained by its first order model where only ideal electrical effects are considered and higher order effects added stepwise. The device has two mutually perpendicular and independent axes along which it can measure an applied acceleration. The structure of the accelerometer under consideration is as shown in Figure ? ?. The horizontal fins or plates act as capacitors and at the unit level, any variation in plate spacing due to displacement (which is caused by an applied acceleration) produces a voltage at the output pin which is a function of the input acceleration. The capacitance of a parallel plate capacitor is given by
where, Q : Charge stored on each of the capacitor plates. V : Voltage across the capacitor plates. A = Area of the parallel capacitive plates E 0 = Permittivity of free space E r = Relative permittivity of the material between the plates d 0 = Spacing between the two plates.
The voltage across upper and lower capacitor is V 0 , which is identical across both elements with no acceleration applied. It is assumed that the capacitor plates do not change their dimensions under the applied acceleration and the area A is constant while the dielectric material has a constant E r .
Anchors are the fixed points of support which are attached to the substrate which can be used as the points of reference for displacement analysis. When the entire unit is subjected to an acceleration A, the anchors remain fixed while the beam and the sensor mechanism undergoes a displacement. Consider an acceleration A which causes an upward displacement of the moving beam of the accelerometer by a distance d. The sensor capacitances across the two fixed parallel capacitive plates are C 0 each when the beam is equidistant from each fixed plate i.e., with no acceleration applied to the device. Now, the spacing between the upper fixed plate and the mobile capacitive plate is d 0 − d and the spacing between the lower fixed plate and the mobile capacitive plate is d 0 + d . The effective capacitance values as a result of plate displacements are given as
The charge stored on each of the two capacitor plates has no discharge path and due to the changed capacitance, the voltages across the two capacitors are given by
The constant K can be assumed to be identical to both the upper and the lower capacitors as the dielectric material between plates and the plate areas are identical. Thus the difference in the two capacitor voltages is given by
This is a first order approximation assuming ideal mechanical properties of the capacitor plates where the two surfaces remain co-planar on application of the acceleration. A differential amplifier is used in order to amplify this differential voltage.
This paper does not go into the details of electrical structural blocks of the IC but attempts to obtain a testing solution to the IC wherein the device parameter variation and its effect on the functionality of the IC can be predicted with accuracy. The functional schematic of the DUT is presented in Figure ? ?. The mechanical sub-systems is present in the sensor block while the electrical signal conditioning and processing circuitry is presented in the form of a block diagram. The presence of dual axes sensor elements and its corresponding electrical sub-system blocks can be observed in the figure. We assume intended functional behavior from each sub-system block. A study of the gain amplifier and demodulator circuits is a parallel issue which is not within the cope of this work.
Parameter Mapping
Parameter mapping can be defined as the process of mapping variation of one parameter to another correlated parameter in order find a mathematical or statistical relation
Figure 2. Function of Accelerometer System
between the two. For two mapped parameters, any variation in one can be quantifiably traced onto a variation in the dependent parameter. As will be described in the forthcoming sections, we use the gravitational acceleration as an excitation to measure the response of the accelerometer to a real mechanical stimulus. This set of characteristics is referred to as the mechanical test characteristics. The electrical test characteristics set is obtained by using the electrical test input pin, which causes deviations in the internal capacitive plates due to electro-static input and this produces a result similar to that by an applied acceleration. Thus we can measure the response of the DUT to the electrically applied accelerative effect and attempt to correlate this with the real acceleration results.
Values of the axis outputs V x and V y can be measured for a finite set of V test values. Similarly, by subjecting the DUT to a controlled gravitational acceleration, a set of vectors can be obtained for V x , V y using components of g, the gravitational acceleration, g x and g y , which are directed along X and Y axis respectively. These two sets can be correlated as the V x , V y set is common for both measurements. This is nothing but parameter mapping where we map parameters from the gravitation based testing onto the electrical testing results to attempt a correlation.
Parameter mapping is an important tool in alternate testing as the method relies on measurement of one parameter to predict other dependent parameters. Internal node parameters of the DUT are typically not measurable and a mathematical or statistical relation between the internal (unmeasurable) parameter and a measurable parameter enables predicting the dependent internal parameter for a measured independent parameter. We will be using parameter mapping in the later sections in order to correlate our results from the two measurement methods -mechanical and electrical.
Phase I: Testing using a Mechanical Stimulus
A purely electrical solution may completely describe and characterize the electrical sub-systems but is of limited use for a DUT with multi-disciplinary sub-systems. Hence a compound test solution is developed using a physical acceleration as a mechanical stimulus. The electrical test, implemented by applying a test voltage at the test pin of the DUT can thus be validated by comparison with the physical acceleration results. Our method of imparting a mechanical stimulus is the most optimum using resources commonly available in an electrical engineering lab.
Gravity is used to impart a standard acceleration, in our approach. The average value of g = 9.81m/s 2 is considered for all the calculations. The acceleration applied on the capacitor plates produces an output which is measured and captured in electrical form.
Figure 3. Device and Ground Axes
When the device is horizontal, the X and Y output pins give nominal/quiescent voltage values. This position can be termed as the ground state where the X and Y axis output voltages are 1.65 V each for the DUT. As long as the X and Y capacitor plates remain aligned with g , the DUT can be rotated through any angle along Z axis and the outputs still maintain quiescent voltage values. The capacitor plates are perpendicular to the gravitational force, hence it causes no deflection in capacitor plates and the commutator plates maintain a constant distance from the fixed plates.
Mechanical calibration uses the fact that the force acting on a capacitive plate aligned with the gravitational acceleration is given by gsinθ , the force being 0m/s 2 when the plate is aligned and the maximum value being gsin90 when the plate is at an angle of 90 0 to g . This applies to plates for both the measurement axes. If the DUT is aligned at an angle of θ 0 , the force acting on the plates would be gsinθ while the cosine component in vector resolution does not act on the displacement.
The mechanical sub-system calibration involves rotating the DUT along both X and Y axes with finite granularity and measurement of output voltages for each setting. Figure ?? shows the rotation about the axes. The observed readings are compared against theoretical calculations. The theoretical and measured results correlate with minimal error as it can be seen in Figure ? ?.
Figure 4. Theoretical and measured responses for mechanical stimulus
The variation between observed and calculated output voltages is non-deterministic in nature and can be expected due to measurement errors and non-linearities of the electrical and mechanical sub-systems. The random nature of the error curve is reflected into its average value as seen in Figure ? ?. 
Phase II: Calibration using Electrical Test
The electrical test input internally charges the capacitive plates which results in a linear displacement of the plates. This displacement is measured by the electrical sub-system -in the same way a displacement of the plates would be measured. Thus the electrical test input produces end results similar to the mechanical stimulus (Figure ??) .
The output voltage response is plotted against the applied input waveform. The applied waveform is plotted as base 
Correlation between the Results
Parameter mapping is the critical stage in development of the alternate testing solution where a voltage vector is obtained for the angular rotation of the DUT as explained in the mechanical characterization section. A similar voltage vector is obtained for input provided at the test input pin. These two voltage vectors are plotted against each other for identification of any correlation. Ideally, we should be able to get a voltage V for an angle θ, where the same voltage is obtained for another voltage V in at the test input. The results should be reproducible and predictable, and on application of a voltage vector V in for any DUT of the same type, a voltage within a tolerable standard deviation around V should be obtained at the output pin. The fit for mapping the angular displacement against test input pin voltage for common Vout value is approximately linear, as can be seen in Figure ? ?. The validity of this linear relation is verified on six DUTs from different lots and was confirmed on an independent unit. 
Frequency/Transient Analysis
The micro-machined capacitive elements of an accelerometer are similar to those of a multi-prong tuning fork in construction, and frequency analysis was performed to characterize the mechanical components in the sensor elements. Similar analysis has been done in the past on mechanical accelerometers [?] where the zero-crossing averaging method is used to calibrate the DUT. As the electrical test input is used to provide the test impetus to the mechanical sub-system, the frequency/transition response was used as a potentially effective way to conclusively test the DUT with its two diverse sub-systems.
Frequency characterization and band-limiting methods are provided in the application notes from the manufacturer [?] where effects of changing external discrete biasing components are described. These primarily focus on controlling frequency response for suitability of applications while our approach attempts to observe the response in order to observe dependencies based on possible resonance.
The discrete external biasing components determine the available output bandwidth -our experiment aims at observing device resonance, and in order to minimize the narrow-banding effects of external filter biasing, we choose a capacitor value of 0.0035µF so that we can maintain a comfortable margin over the phase cross-over frequency of the device.
The measurements were taken with the help of an NI ELVIS platform where an AC sinusoidal electrical stimulus of amplitude 400mV was applied with an incremental frequency of 50Hz, starting at a DC value. The output amplitude for both X and Y outputs was measured to 10mV accuracy after a 100ms settling time. Multiple sets (five) of readings were taken in order to verify the repeatability of measurements. The five sets were then averaged (on verifying approximately repetitive results) to determine the resonant frequency of the DUT, the input test signal frequency for which maximum amplitude of output is observed. This resonant frequency is a function of the capacitive plate fabrication as the multi-pronged tuning fork formed by the capacitive plates resonates depending on the plate geometry.
The six DUTs fit within a 6-sigma band around the mean value. A study on a larger sample size would be required to empirically analyze the effect of the observed frequency response, and to correlate the results to the overall DUT response to an applied acceleration.
Results and Conclusions
The DUT was characterized for a standard mechanical stimulus as a first step of the study. A set of standard stimuli was applied to each DUT using the rotational commutator mechanism and a total of 200 readings were taken for each DUT. The six DUTs, used in the experiment, were taken from three different production lot numbers, in order to avoid intra-lot correlation. The second stage of the study was to characterize the DUTs for an electrical stimulus at its test input. These two cases are the same phenomenon carried out by two different stimuli and this fact is used for establishing reliable correlation between the two.
The method used involves correlation of results from two tests -one complex and another easier to implement, to develop an optimum testing solution. In case of the DUT considered here, the test results from the two sets of experiments were compared on the following basis.
• The mechanical stimulus run consisted of taking voltage measurements for an angle sweep. An ideal component is expected to follow the theoretical ideal voltage curve. A process variation may result in two kinds of erroneous output patterns.
-When the device output curve is offset from the ideal curve entirely in positive or negative direction, or -The curve is offset at either of the two extremes, and converging at the horizontal reading.
• Deviation from ideal characteristics can be caused by two different effects -a non-ideality with metal capacitor plate fabrication, and non-ideal electrical components would create an offset curve. Due to smaller/larger sizes of the plates or greater/smaller spacing, the change in capacitance would be different from the expected value. This difference would be consistent throughout the input range, producing an offset curve.
The transient response of the circuit to the electrical test stimulus given at the test pin is a function of both electrical and mechanical components and can be considered as Figure 8 . Correlation between electrical and mechanical test methods a reliable measure to characterize the DUT. In the procedure that was followed, a standard electrical pulse was fed to each of the DUTs during the course of the experiment and the response was recorded. The output follows the response curve, which is a transient response, and the difference between input and output is recorded. The parameter used for characterizing the electrical stimulus response is the average of the difference values between the input waveform and the corresponding output response, to differentiate between undershoots and overshoots.
The plot of the standard deviation for mechanical test impetus vs. average error electrical impetus is linear in nature and the sample set consists of the six DUTs, taken from three different lots (Figure ?? ).
It can thus be concluded that the two methods used in this paper produces results with convincing correlation. The electrical stimulus method, described earlier can be accepted as a reliable test solution for the DUT.
Frequency response and transient analysis results for the DUT can be used to characterize a larger sample for it's +/-3dB response from the peak frequency. A certain standard deviation variation may be allowed upon gathering empirical data on a larger sample.
Therefore, we propose a modified alternate testing solution inclusive of the following steps.
Test solution formulation
Use of angular tilt method for mechanical characterization instead of a conventional approach of using a 'shaker' or 'acceleration generator', followed by electrical characterization to establish correlation for the particular type of DUT. Testing using the alternate solution An electrical ramp is provided at the voltage test input, the output waveform is observed for transient analysis. If the amplitude and phase of the output lies within tolerable limits of the formulated test solution, the DUT is classified as a pass.
In conclusion, we have developed a solution to characterizing the mechanical parameters of a MEM accelerometer using measurements on its electrical subsystem. A modified alternate test solution uses a novel parameter mapping to characterize both electrical and mechanical subsystems in a purely electrical test. Results on a commercial accelerometer show the benefits of the approach, which include shorter test time compared with the mechanical test solution, economical test setup, and reliable characterization results with the possibility of adding more parameters for comparison.
